For use of the large-sized Ni-MH battery in the social-infrastructure, it is important to improve its self-discharge suppression and overdischarge resistance as well as its high-power and long cycle-life performances. The use of the RE 0.9 Mg 0.1 Ni 3.9 Al 0.2 alloy as the negative electrode of a Ni-MH battery effectively suppressed the self-discharge compared to the use of the conventional AB 5 -type alloy. Meanwhile, a carbon-coated Ni(OH) 2 prepared using a fluid-bed coating method exhibited a better overdischarge resistance than that using the conventional CoOOHcoated one. The Co, which is an expensive rare metal, is completely removed from the Ni-MH battery using these Co-free electrodes. The Co-free Ni-MH battery combines several good battery characteristics, such as a low selfdischarge and overdischarge resistance.
Introduction
Applications of nickel-metal hydride (Ni-MH) batteries have been extended from consumer-use electric devices to the hybrid electric vehicle (HEV). 1 Research and development of this battery is now focused on application to large-sized industrial equipment such as a battery-driven train, wayside energy storage system for railways and a power-grid as a renewable energy source. 24 For industrial applications, a number of single cells are stacked in series to assemble a high-voltage battery module. Each of the cells are equally charged and discharged during the initial cycles. However, the increasing self-discharge in some cells causes a difference in the state-of-charge (SOC) among the cells, and these cells would be degraded by overdischarge. In order to modify the Ni-MH battery for social-infrastructure use, it is important to improve its self-discharge suppression and overdischarge resistance as well as its high-power and long cycle-life performances.
For the negative electrode, the AB 5 type Mm(Ni,Co,Mn,Al) 5 (Mm: misch-metal, A: Mm, B: transition metals and Al) alloys have been generally used. 5, 6 In these types alloys, its cobalt (Co) was added to improve the cycle-life performance of the alloy electrode. However, the Co and manganese (Mn) cause an increasing selfdischarge. 7, 8 Discovery of the REMg 2 Ni 9 with the high discharge capacity of 370 mAh/g 915 has led to the development of various RE-Mg-Ni based alloys (AB 3.03.7 ; A = rare earth and Mg, B = transition metals and Al). 1620 In these crystal structures, the AB 5 lattice and AB 2 one are alternately stacked in the c-axis direction. The stacked structure would maintain a good cycle-life performance in spite of the Co-less or Co-free composition.
For the positive electrode, the Ni(OH) 2 particles are generally coated with CoOOH in order to increase the active material utilization. 21, 22 However, the CoOOH conductive network is easily reduced by an overdischarge and thus disruption of the conductive network is a concern. Recently, Morishita et al. reported that CeO 2 improves the overdischarge resistance of the CoOOH network. 23 Meanwhile, the development of an oxidation-resistant carbon has provided a possible way to design a Co-free positive electrode for the Ni-MH battery. 24 Moreover, the cost of Co has exhibited a noticeable fluctuation and has often increased over the past three decades. In 2008, the highest price (>110 US$/t) in history was recorded for some unexplained reason. After 2010, its price has had a stable transition due to an excess supply. However, concern about a stable supply in the future still remains. The development of Co-free materials is an important subject for reducing the cost of the Ni-MH battery.
In this study, Co-free materials, which improve the self-discharge suppression and overdischarge resistance, were developed for the large-sized Ni-MH battery for use in the social-infrastructure. As the negative materials, RE 0.9 Mg 0.1 Ni x Al 0.2 (x = 3.9 4.3, AB 4.14.5 ) alloys are prepared for producing a low self-discharge negative electrode. These alloys have a higher B/A ratio than those of the conventional RE-Mg-Ni alloys 1620 and contain a substantial AB 5 -type phase with the stacking structured one. The content of the AB 5 -type phase dependence on the B/A ratio was investigated by synchrotron X-ray diffraction (XRD) and transmission electron microscopy (TEM). The correlation between the AB 5 content and battery characteristics was discussed. Meanwhile, as the positive conductive material, an oxidation-resistant carbon 24 was used as a substitute for the conventional CoOOH. In order to develop a conductive network among the Ni(OH) 2 particles, the carbon-coated Ni(OH) 2 was prepared by spraying a carbon dispersion onto the Ni(OH) 2 particles using a fluid-bed coating technique.
Experimental

Electrode and battery preparation
As the negative electrode materials, the RE 0.9 Mg 0.1 Ni x Al 0.2 (x = 3.94.3) alloys were synthesized using an induction furnace with an argon atmosphere. 19 The RE portion consists of La, Pr, and Nd. An oxidation-resistant carbon (CB) and ethylene-vinyl-acetate (EVA) were dispersed in a xylene solvent at the molar ratio of 1:1. The prepared carbon dispersion was sprayed onto spherical Ni(OH) 2 particles (diameter: ca. 10 µm) using a fluid-bed coating apparatus (Powrex Co., Ltd., Japan) to obtain the carbon (CB)-coated Ni(OH) 2 powder as the active material of the positive electrode. The CBcoated Ni(OH) 2 consists of Ni(OH) 2 , CB, and EVA with the weight ratio of 100:5:5. The oxidation-resistant carbon was prepared by annealing the carbon black at approximately 2500 K in an inert-gas atmosphere.
The negative and positive electrodes were prepared by a paste method, namely, the material powder, binder, and thickening agents were thoroughly mixed with water. The paste was then loaded on a nickel-foam substrate and pressed to form a plate with a thickness of 0.4 mm. The negative paste consists of the alloy powder, styrene butadiene rubber (SBR) as the binder, carboxyl-methyl-cellulose (CMC) as the thickening agent, and water. On the other hand, the positive one contains the CB-coated Ni(OH) 2 powder, CMC, and water.
For the cylindrical battery construction, the negative and positive electrodes were spirally wound together with a sulfonated polypropylene separator, and this bundle was then inserted into a cylindrical case. After the electrolyte (30 wt% KOH with 30 g L
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LiOH) was added, the cell was sealed. The negative electrode capacity is 4 times that of the positive one (N/P = 4). The battery capacities were 760 mAh. For the open-type battery, the positive electrode was held between two negative electrodes using a non-woven polypropylene separator. The N/P ratio and battery capacities were 10 and 120 mAh, respectively. The charge/discharge curves were recorded using a computer-controlled charge/discharge system (BLS series, Keisokuki Center Co., Japan) equipped with a thermostatic chamber at 298 K. Table 2 summarizes the battery specifications used in this study.
Analyses
Synchrotron X-ray diffraction (XRD) patterns of the alloys were obtained from the beam line BL19B2 at the synchrotron radiation facility, SPring-8, Japan. The wavelengths were confirmed to be K = 0.412 ¡ using CeO 2 as the standard. The XRD samples were prepared by adding the powder to a Lindeman glass capillary with a 0.2-µm inner diameter. The structural analysis was carried out using the Rietveld program, RIETAN-2000. 25 Thin-film alloy samples for the scanning transmission electron microscopy (STEM) measurements were prepared using an ionpolishing instrument. High-angle annular dark field (HAADF) images, which correspond to the high-resolution atomic arrangement, were observed using a JEM-ARM200F equipped with a Cscorrector for the STEM (JEOL Ltd., Japan).
The morphologies of the carbon-coated Ni(OH) 2 were observed using a scanning electron microscope (SEM, JSM-6390, JEOL Ltd., Japan).
The electrochemical impedance spectra (EIS) of the Ni(OH) 2 samples were measured by a frequency response analyzer (SI 1280B, Solartron, UK).
The X-ray photoemission spectra (XPS) of the Ni(OH) 2 samples were observed using an X-ray photoemission spectrometer (XPS, JPS-9010MX, JEOL Ltd., Japan). Figure 1 shows the discharge capacity of the alloy electrodes in the KOH electrolyte. The electrodes were discharged after a 400 mAh/g charging at a 100 mA/g current. These alloys were easily activated and exhibited the maximum discharge capacity (= C max ) about 340350 mAh/g at the 2nd discharge process. The alloy#1 exhibited a better capacity retention than alloys#2 and #3. The capacity retention of each alloy in the 48th cycle (= C 48 /C max ) became high in the order of alloy#3 (82%) < alloy#2 (86%) < alloy#1 (91%). Figure 2 shows the XRD pattern and Rietveld refinement for alloy#1. In this refinement, the rare-earth and transition-metal sites were replaced by virtual species, i.e., La 0.50 Pr 0. 15 Electrochemistry, 81 (7) Table 3 summarizes the phase components and refinement parameters of alloys#1#3. Figure 3 shows the phase abundance of alloys#1 #3 determined by the Rietveld refinements. For alloy#1, two 5:19 phases occupy approximately 70 wt%. Meanwhile, for alloy#3, the 1:5H phase occupies approximately 70 wt%. The abundance of the 1:5H phase increased with the increasing B/A ratio. The observed faster capacity fading in alloys#2 and #3 is probably related to the greater abundance of the 1:5H phase. In the conventional MmNi 5 -based alloys with the 1:5H structure, cobalt addition is indispensable as it suppresses the pulverization of the alloy and maintains the cycle-life performance. Alloys #1#3 do not include any cobalt additives, so that the increase of abundance of the 1:5H phase could cause pulverization of the alloy and subsequent capacity fading. Figure 4 shows the electron diffraction (ED) pattern of the alloys. The diffraction spots are arrayed along a line perpendicular to the c*-axis direction. Patterns (a) and (b) were observed in different regions of an alloy#1 grain. Each of the patterns was indexed on the basis of the hexagonal 5:19H and rhombohedral 5:19R structures, 26 respectively. Alloy#1 contained multiple stacking-structured phases. For alloy#3, the pattern like (c), which was indexed to a hexagonal 1:5H structure, was mainly observed. In addition, streaks in the c*-axis direction were often observed as shown in (d). This feature suggests that alloy#3 mainly consists of the 1:5H phase, and pieces Electrochemistry, 81(7), 553558 (2013) of the stacking-structured phases, such as the 5:19-types, are contained in the 1:5H phase. These results are consistent with the XRD measurements. Figure 5 shows an HAADF image of alloy#1 observed by scanning transmission electron microscopy (STEM). A highresolution atomic arrangement was observed. The white contrasts are the atom positions. The perpendicular direction of the image is the c-axis direction corresponding to the direction in which the blocks composed of fundamental units are stacked. The square frames are placed on the position of a single CaCu 5 -type lattice. This atomic arrangement corresponds to the 5:19R phase.
Results and Discussion
Characterization and electrochemical performances of the alloy electrodes
Battery performances of the developed alloys
The self-discharge characteristics of batteries(1A) and (1B) were observed during the charge/discharge cycles. The battery specifications are shown in Table 2 (I). Before constructing battery(1B), the MmNi 4.0 Co 0.6 Mn 0.3 Al 0.3 alloy was immersed in a 353 K alkalinesolution to remove the Co, Mn, and Al on the surface of the alloy particles. The charged batteries were held on open circuit in a 318 K thermostatic chamber for 1 week, and then discharged in a 298 K chamber. Figure 6 shows the plots of the discharge capacity after this treatment. This measurement was carried out at the 40th, 150th, 250th, 350th, 450th, and 550th cycles. Battery(1A) exhibited an approximate 80% of the rated capacity at the 40th cycle and maintained this initial value even after 550 cycles. Meanwhile, the capacity of battery(1B) significantly decreased with the increasing number of cycles. The difference in the self-discharge characteristics would be ascribed to the composition of the negative alloys.
When the conventional MmNi 5 -based alloys are immersed in alkaline solution, the elution of Co, Mn, and Al was observed based on ICP spectroscopy measurements. These elements were removed from the surface of the alloy particles. The alkaline immersion treatment before battery construction would be effective in suppressing the self-discharge increasing, especially during the initial 150 cycles. However, deterioration of the capacity retention was observed after 250 cycles. Charge and discharge cycling produces pulverization of the alloy. The elution of Co, Mn, and Al, which causes increasing self-discharge, would be increased on the new pulverized surface.
For battery(1B), the positive electrode side of the separator, which was removed from the battery after cycling, changed to a black color. Meanwhile, for battery(1A) using alloy#1, no separator color change was observed. The SEM and EDS measurements of the separators showed that deposits containing Co and Mn were observed in the AB 5 alloy battery as shown in Fig. 7 . The eluted Co and Mn could be oxidized and deposited on the positive side of the separator. For example, the cobalt metal (Co) in the alloy is oxidized and eluted in electrolyte as Co 2+ . 27, 28 Then, the eluted Co 2+ is possibly oxidized in Co 3+ by a reaction with NiOOH and deposited on the positive side of the separator. This reaction could be one of the origins of self-discharge increasing. Furthermore, the CoOOH with Co 3+ is reported to have high electrical conductivity, 22 and Electrochemistry, 81 (7), 553558 (2013) could form micro-short-circuits between both electrodes becoming the origin of the increasing self-discharge. 8 Meanwhile, for alloy#1, no deposits were observed on the separator after cycling. These results suggest that alloy#1 has an improved effect on the selfdischarge suppression of the Ni-MH battery. 2 and battery performances. Figure 8 shows an SEM image of the carbon-coated Ni(OH) 2 . The surface of the Ni(OH) 2 particles was coated with a carbon layer by spraying the carbon dispersion using a fluid-bed coating apparatus. The electrical conductance of the 5 wt% CB-coated Ni(OH) 2 was 5 © 10 ¹3 S·cm
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. The conductance of the CoOOHcoated Ni(OH) 2 was of the same order. Figure 9 shows the overcharge characteristics of cylindrical batteries(2A) and (2B). The battery specifications are shown in Table 2 (II). As positive electrode materials, the carbon-coated and Co(OH) 2 -coated Ni(OH) 2 were used for batteries(2A) and (2B), respectively. Alloy#1 was used as the negative electrode material. The charge capacity was 150% of the rated capacity. Although the discharge capacity of the CB-coated one was lower than that of the CoOOH coated one, no noticeable decrease in the discharge capacity was observed after 150 cycles of the overcharging treatment. These results suggest that the carbon used in this study exhibits an adequate oxidation-resistance for at least several hundred cycles.
Open-type batteries(3A) and (3B) were overdischarged to investigate the influence. The battery specifications are shown in Table 2 (III). As positive electrode materials, the carbon-coated and Co(OH) 2 -coated Ni(OH) 2 were used for batteries(3A) and (3B), respectively. Alloy#1 was used as the negative electrode material. The cells were charged and discharged at the 0.2C rate during the first 10 cycles for activation. After a 200% overdischarge of the rated capacity, a 0.25C-rate charge/discharge cycle was carried out as shown in Fig. 10 . Battery(3A) containing the CB-coated electrode exhibited an 82% rated capacity, while the battery(3B) containing the CoOOH-coated one exhibited a 39% capacity. The carbon-coated electrode exhibited a higher discharge capacity indicating a better overdischarge resistance. Figure 11 shows the electrochemical impedance spectra (EIS) of the positive electrode before and after the overdischarge treatment. These spectra show a semicircle resulting from the charge transfer resistance (R ct ) and a slope resulting from the Warburg impedance (Z W ). For the CB-coated Ni(OH) 2 electrode, the R ct is equivalent Discharge capacity / rated capacity (%) Figure 9 . Cycle life performances of batteries(2A) and (2B) after 150% overcharging of the rated capacity. Electrochemistry, 81(7), 553558 (2013) before and after the overdischarge treatment, while that for the cobalt-coated one significantly increased. These results suggest that the CoOOH conductive network is damaged by the overdischarge treatment. Figure 12 shows the X-ray photoemission spectra (XPS) of the Co on the Ni(OH) 2 . The Co-2p peaks were observed at 780 and 795 eV. These peaks shifted to the lower energy side after the overdischarge treatment. The Co valence was changed from Co 3+ to Co 2+ , indicating that the CoOOH was reduced to the Co(OH) 2 by the overdischarge treatment. Furthermore, the reduced Co(OH) 2 would be retransformed to the CoOOH during the charging process. In Fig. 10 , an approximate 10 mAh at the beginning of the charge process of battery(3B) probably corresponds to the Co(OH) 2 oxidation. One of the reasons for the lower discharge capacity of battery(3B) would be related to the fact that not only Ni(OH) 2 but also the Co(OH) 2 is oxidized during the charging.
The Co-free electrodes were used in a Kawasaki-developed industrial battery, called the GIGACELL, 24 in order to realize a Co-free Ni-MH battery. 29 A single-type cell containing the Co-free electrodes exhibited approximately 2000 charge/discharge cycles. Furthermore, for the GIGACELL-type structure, scale-up was easily accomplished. A large-sized Co-free battery with a 205 Ah rating was constructed. At the 2C-rate, the Co-free cell exhibited a better high-rate performance than the cell containing the conventional electrodes. The voltage and Ah efficiency of the former one are higher by 100 mV and 7%, respectively, than those of the latter one. The development of the Co-free electrode materials would provide an advanced Ni-MH battery having a self-discharge suppression and overdischarge resistance as well as the high-power and long cyclelife performances for use in future large scale operations. The phase abundance of the 1:5H one increased with the increasing x value. The capacity retention during the electrochemical test has a correlation to the abundance of the 1:5H phase. Based on the battery test using a cylinder-type sealed cell, the cell using alloy#1 as the negative material exhibited better self-discharge characteristics than that using the conventional Mm(Ni,Co,Mn,Al) 5 -type alloy.
Summary
A carbon-coated Ni(OH) 2 was prepared by spraying a carbon dispersion onto Ni(OH) 2 particles using a fluid-bed coating apparatus. The overcharge and overdischarge performances of the CB-coated Ni(OH) 2 are comparable or better than those of the conventional CoOOH-coated one. The CoOOH conductive network is easily damaged by any overdischarge treatment. A Co-free Ni-MH battery consisting of these Co-free electrodes would combine several good battery characteristics, such as a low self-discharge and overdischarge resistance. 
Co 2p
After overdischarge treatment As is Figure 12 . X-ray photoemission spectra (XPS) of Co-2p state for the CoOOH-coated nickel electrode (a) as is and (b) after the overdischarge treatment.
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